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The genomic RNA of Turnip yellow mosaic virus (TYMV) has an 82-nucleotide-long tRNA-like structure at its 3V-end that can be
valylated and then form a stable complex with translation elongation factor eEF1AGTP. Transcription of this RNA by TYMV RNA-
dependent RNA polymerase (RdRp) to yield minus strands has previously been shown to initiate within the 3V-CCA sequence. We have now
demonstrated that minus strand synthesis is strongly repressed upon the binding of eEF1AGTP to the valylated viral RNA. eEF1AGTP
had no effect on RNA synthesis templated by non-aminoacylated RNA. Higher eEF1AGTP levels were needed to repress minus strand
synthesis templated by valyl-EMV TLS RNA, which binds eEF1AGTP with lower affinity than does valyl-TYMV RNA. Repression by
eEF1AGTP was also observed with a methionylated variant of TYMV RNA and with aminoacylated tRNAHis, tRNAAla, and tRNAPhe
transcripts. It is proposed that minus strand repression by eEF1AGTP binding occurs early during infection to help coordinate the
competing translation and replication functions of the genomic RNA.
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tRNA-like structurePositive-strand RNA viruses are unique in that their
genomes serve both as messenger RNAs directing viral
gene expression and as templates for genome amplification.
In the former process, ribosomes traffic from 5Vto 3V, while
in the latter, RNA-dependent RNA polymerase (RdRp)
complexes move in the opposite direction on the same
strand. Evidence from two systems to date suggests that
genomic RNA usage is highly regulated so that each strand
participates in only one of the above processes at a given
time. In both prokaryotic (Qh bacteriophage: Kolakofsky
and Weissmann, 1971a, 1971b) and eukaryotic (poliovirus:
Barton et al., 1999; Gamarnik and Andino, 1998) systems,0042-6822/$ - see front matter D 2004 Published by Elsevier Inc.
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prevent full-length transcription by viral RdRp. Ribosomes
thus must be cleared from genomic RNA before productive
replication can commence. Coordination between transla-
tion and replication may also help to minimize the pro-
duction of partial-length double-stranded RNA fragments
that in eukaryotic cells can act as potent inducers of
antiviral defenses (Ahlquist, 2002; Jacobs and Langland,
1996).
The Qh and poliovirus systems both regulate the
messenger and template usage of their genomic RNA in
a mutually antagonistic fashion. Ribosomes and Qh
replicase compete for a common binding site at the
initiation site for coat protein synthesis (Kolakofsky and
Weissmann, 1971a, 1971b), the major ribosome entry
point on Qh RNA (van Duin, 1988). In the case of
poliovirus RNA, binding by the 3CD protease-polymerase
precursor protein to the 5Vcloverleaf structure simulta-
neously represses translation and enhances minus strand
synthesis (Barton et al., 2001; Gamarnik and Andino,
D. Matsuda et al. / Virology 321 (2004) 47–56481998). A further mechanism for separation of translation
and replication that is probably general to eukaryotic
positive strand viruses is the physical sequestration of
templates into membrane vesicles that are the sites of
active RNA replication (Chen et al., 2001b; Schwartz et
al., 2002).
Turnip yellow mosaic virus (TYMV) possesses a
positive-strand genomic RNA that terminates at the 3V-
end with a tRNA-like structure (TLS, Fig. 1). The TLS
mimics tRNAVal both structurally and functionally
(Dreher and Goodwin, 1998; Rietveld et al., 1982)
through the presence of features such as a -CCA 3V-
terminus, a valine-specific anticodon that directs interac-
tion with host valyl-tRNA synthetase (Dreher et al.,
1992), and interacting D- and T-loops (de Smit et al.,
2002). The valylation efficiencies of TYMV RNA and
the TLS with wheat germ valyl-tRNA synthetase (ValRS)Fig. 1. The TYMV tRNA-like structure (TY83 RNA). The secondary
structure model emphasizes similarities to canonical tRNA: CCA 3V-
terminus, 12-bp acceptor/T arm, interacting D- and T-loops, and an
anticodon loop (A/C) with a valine-specific anticodon (CAC). Unlike
canonical tRNAs, however, the acceptor stem consists of a pseudoknot.
The 3V-CCA (boxed) serves as an initiation box controlling minus strand
synthesis directed by TYMV RdRp, which initiates opposite the 3V-most
C residue (reverse shading; Singh and Dreher, 1997). The circled
nucleotides in the anticodon loop constitute the valine identity elements
that direct specific valylation of the 3V-end of the RNA by plant valyl-
tRNA synthetase (Dreher et al., 1992). Nucleotides are numbered from
the 3V-end.are similar to that of plant tRNAVal, and valylated
TYMV RNA and tRNAVal also have similar high affin-
ities for translation elongation factor 1A (eEF1AGTP)
(Dreher and Goodwin, 1998). As might be expected
from this remarkable degree of tRNA mimicry, mutations
that prevent aminoacylation destroy the infectivity of
viral RNA in plants (Tsai and Dreher, 1991a, 1991b),
although the wild-type TLS can be replaced by certain
non-aminoacylatable termini (Filichkin et al., 2000;
Goodwin et al., 1997).
By virtue of its location at the 3V-end, the TLS plays a
role in genome amplification by serving as the origin of
replication. Using in vitro assays with TYMV RdRp, it
has been shown that minus strand synthesis initiates
opposite the penultimate C (Singh and Dreher, 1997)
within the -CCA 3V-terminal sequence that serves as a
major element controlling minus strand initiation (Deiman
et al., 1998; Singh and Dreher, 1998). No other specific
features within the TLS have been identified as promoter
elements directing minus strand synthesis (Deiman et al.,
1998; Singh and Dreher, 1998), leading to speculation that
the tRNA mimicry serves to permit interactions that
negatively regulate minus strand synthesis (Dreher, 1999;
Filichkin et al., 2000). The sensitivity of minus strand
synthesis to inhibition by the inclusion of the initiation site
in secondary structure (Singh and Dreher, 1998) suggested
that the binding of eEF1AGTP could repress initiation.
Valylated TYMV RNA forms a tight complex with
eEF1AGTP (Kd = 2 nM) (Dreher and Goodwin, 1998)
in which the bound protein contacts the aminoacyl-CCA
terminus and the remainder of the aminoacyl-acceptor arm
(Dreher et al., 1999; Joshi et al., 1986). Such a repressor
function would be regulated by the aminoacylation of the
viral RNA because the difference in eEF1AGTP affinity
for charged and uncharged tRNA is about 104 (Dreher et
al., 1999).
In this study, we provide direct evidence using an in
vitro transcription system that eEF1AGTP can act neg-
atively on minus strand initiation by TYMV RdRp, and
that it does so only when the template is aminoacylated.
This negative regulation is most likely to occur at the
earliest stages of an infection before viral RdRp com-
plexes appear and begin to compete for interaction with
the 3V-terminus to initiate minus strand synthesis. We
propose that this regulation serves to differentiate the
translation and replication functions of the viral RNA.
In the accompanying paper, we show that the TYMV
TLS acts as a translational enhancer element, and that the
enhancement of messenger function is dependent on the
capacity of the RNA to be aminoacylated and to bind
eEF1AGTP (Matsuda and Dreher, 2004). Thus, as ob-
served in the Qh and poliovirus systems, TYMV appears
to employ an interaction that simultaneously switches
between the translation and replication functions of the
genomic RNA to influence the transition between these
two functions of the same RNA.
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Preparation of aminoacylated RNAs to be used as templates
for TYMV RdRp
To test the ability of eEF1AGTP to repress minus strand
synthesis by TYMV RdRp, it was a priority to generate as
uniform a population of aminoacylated templates as possi-
ble. Contaminating uncharged RNAs, unable to bind
eEF1AGTP, would be resistant to any repression and
would result in a background level of minus strand synthe-
sis. First, to maximize the proportion of RNAs with correct -
CCA 3V-ends, templates were made by transcription with T7
RNA polymerase from PCR-generated DNAs that incorpo-
rated 2V-O-methyl modifications of the two 5V-most nucleo-
tides of the template strand read by T7 RNA polymerase
(see Materials and methods). Such modifications suppress
the addition of untemplated 3V-nucleotides (Kao et al., 1999).
Preparative aminoacylation of a range of template RNAs
achieved best charging levels of 60–95%, as judged by
acid-urea PAGE (Fig. 2). Residual uncharged molecules
may have incorrect 3V-ends or be incorrectly folded (Uhlen-
beck, 1995).
Purification of aminoacyl-RNAs by elution after sep-
aration by acidified denaturing PAGE (Varshney et al.,
1991) was found to be superior to several other strat-
egies for enriching charged over uncharged RNAs.
Improved levels of purity were obtained in this way
for all aminoacyl-RNAs except histidyl-tRNAHis, achiev-
ing final charging levels of 70–95% (Fig. 2). These
levels may be somewhat underestimated because a smallFig. 2. Preparation of aminoacyl-RNAs to be used as templates for TYMV RdRp
aminoacylation with the amino acid indicated below each lane, as well as after p
purified). The top panel shows the migration of RNAs in analytical acid-urea P
represent aminoacyl and free RNAs, respectively, identified as charged and uncha
acid-urea gels, reporting the proportion (%) of aminoacylated RNA (black bars).amount of deacylation could occur during the lengthy
electrophoresis analysis, especially with histidyl-tRNAHis.
The ester linkages of all aminoacyl-RNAs are subject to
spontaneous hydrolysis in aqueous conditions. To sup-
press deacylation during preparation and storage, amino-
acyl-RNAs were kept at low pH and low temperature
(see Materials and methods). Because the histidyl link-
age is least stabilized under these conditions (Hentzen et
al., 1972), exposure to lengthy purification was avoided
and histidyl-tRNAHis was used as a template without gel
purification.
Assessment of repression by eEF1AGTP also relied
upon minimal deacylation of aminoacyl-RNAs during the
RdRp assay, and on the maintenance of preformed ternary
complexes (aminoacyl-RNAeEF1AGTP) under assay
conditions. Tests with [3H]valyl-TY83 RNA incubated at
14 jC in complete RdRp reactions lacking only nucleoside
triphosphates showed that at most 10% of molecules lost
their bound [3H]valine during a 20-min incubation (not
shown). To minimize the effects of template deacylation
during minus strand synthesis reactions, single-round tran-
scription assays were employed in which product was
initiated during a 3-min incubation at 14 jC in reactions
lacking ATP, and then completed during a 12-min incuba-
tion at 30 jC following the addition of ATP and polyeth-
ylene sulfonate (PES). PES is a polymerase scavenger that
binds free RdRp to prevent reinitiation (Barrera et al.,
1993).
The maintenance of valyl-TY83eEF1AGTP ternary
complexes under TYMV RdRp reaction conditions was
estimated by standard RNase protection assay (Dreher et. The indicated RNAs were analyzed before ( ) and after (+) preparative
urification of aminoacyl-RNAs by elution after acid-urea PAGE (GP, gel-
AGE (6.5%) stained with ethidium bromide. The upper and lower bands
rged species at left. The lower panel plots the result of quantitative scans of
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RNA was found to be bound to eEF1AGTP during a
20-min incubation at 14 jC (not shown). With the
conditions of excess eEF1AGTP used (0.5 pmol valyl-
RNA and 6 pmol eEF1AGTP), a level of at least 90%
complex formation was expected. It is not known why
this level was not reached, although we measured con-
sistently lower ternary complex levels under the RdRp
conditions than in our standard assay conditions that
incorporate higher ionic strength (100 mM NH4Cl;
Dreher et al., 1999). Based on assay for eEF1A activity
in RdRp preparations by RNase protection using
[3H]valyl-TY83 RNA, no significant amounts of eEF1A
are present in our RdRp fractions, confirming previous
reports based on Western detection (Joshi et al., 1986;
Pulikowska et al., 1988).
Aminoacylation and eEF1AGTP interaction inhibit
template activity for minus strand synthesis
RNA corresponding to the TYMV TLS (TY83 RNA;
Fig. 1) is an active template for minus strand synthesis
by TYMV RdRp (Singh and Dreher, 1997) (Fig. 3A,
lane 2). This activity was not significantly changed when
the RNA was preincubated with eEF1AGTP (lane 3),
indicating that eEF1AGTP does not influence the activ-
ity of TYMV RdRp, as previously reported (Pulikowska
et al., 1988). Intriguingly, the template activity of valyl-
TY83 RNA (lane 4) was less than half (45%) that of
uncharged TY83 RNA. Minus strand synthesis was
further reduced to 17% when valyl-TY83 RNA (2 pmol)
preincubated with excess eEF1AGTP (10 pmol) was
used as template (lane 5). As indicated in Fig. 3A, this
level is close to the background level of product (13%)
expected from the uncharged RNA present in our valyl-
TY83 RNA preparations (lane 6). Given that 13% of the
product in lanes 4 and 5 of Fig. 3A originated from
uncharged templates (open column), the estimated tem-Fig. 3. Repression of minus strand synthesis from TYMV RNA by
aminoacylation and eEF1AGTP binding. TY83 RNA (A) and a
methionylatable derivative, TY-Met-TLS RNA (B) were used as
templates for minus strand synthesis by TYMV RdRp. Where
indicated, the aminoacylated forms of these RNAs were used, or
RNAs were preincubated with an excess of eEF1AGTP. The
additions of 2 pmol of RNA and 10 pmol of eEF1AGTP are
indicated. The 32P-labeled products of single-round transcription
reactions were separated by 12% native PAGE and visualized by
phosphorimagery. The yields of minus strand product are graphed
below each gel lane (averages of duplicate experiments). The product
derived from residual uncharged template RNA present in each assay
of aminoacylated templates is represented as the gray bar in lane 6.
The white bar in each lane represents the yield of minus strand
product (relative quantity given below the graph). The associated black
bar represents the amount of minus strand product after correction for
the product derived from uncharged template (background-corrected;
relative quantity listed below the graph).plate activities of valyl-TY83 RNA in the presence and
absence of eEF1AGTP were 37% and 5%, respectively,
that of uncharged TY83 RNA. The template activity of
valyl-TY83 RNA was entirely restored when the RNA
was intentionally deacylated by incubating at 37 jC for
10 h (not shown).
By introducing point mutations into the anticodon and
acceptor stem pseudoknot, it has been possible to pro-
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tion identity has been switched from valine to methionine
(Dreher et al., 1996). Using the TLS derived from this
RNA (TY-Met-TLS RNA) as RdRp template, permitted
an assessment of the influence of the identity of the
esterified amino acid on minus strand synthesis in our
assays. After adjustment for the background contributed
by uncharged template RNAs, minus strand synthesis was
reduced about 3-fold after methionylation and to back-
ground levels in the presence of eEF1AGTP (Fig. 3B).
These results were similar to those obtained with the
valylatable TY83 RNA (Fig. 3A).
Eggplant mosaic tymovirus genomic RNA has a valy-
latable TLS similar to that of TYMV RNA, but its affinity
for eEF1AGTP has been estimated to be 28 times lower
than that of valyl-TYMV RNA (Kd of 57 nM cf. 2 nM)
(Dreher and Goodwin, 1998). The weaker interaction
involving the EMV TLS is thought to be due to differ-
ences in the construction of the T-stem. As a consequence
of the weaker affinity, we expected the repression of
minus strand synthesis from valyl-EMV-TLS RNA to
require higher levels of eEF1AGTP. This expectation is
confirmed in Fig. 4. Strong repression of valyl-TY83
RNA was observed at an eEF1A/RNA ratio of 1.5 (lane
5), although minus strand synthesis from valyl-EMV-TLSFig. 4. Higher levels of eEF1AGTP needed to repress minus strand synthesis from
experiments are presented as in Fig. 3 using the indicated RNAs in the free and v
eEF1AGTP as indicated (pmol).RNA was little affected at this ratio (lane 11). Some
repression was observed at an eEF1A/RNA ratio of 7.4
(lane 12), but much greater repression of valyl-TY83
RNA template activity was observed at this level of
eEF1AGTP (lane 6).
Aminoacylation and eEF1AGTP interaction also repress
minus strand synthesis from nonviral RNAs
To further explore the effect of different amino acids
and the generality of eEF1AGTP repression, we exam-
ined minus strand synthesis using tRNAAla, tRNAPhe, and
tRNAHis transcripts as templates. Consistent with the major
role of the 3V-CCA initiation box in controlling minus
strand synthesis by TYMV RdRp (Deiman et al., 1998;
Singh and Dreher, 1998), unmodified tRNAs synthesized
in vitro can be active templates. Mature, fully modified
tRNAs are poor templates, probably because of the pres-
ence of modified bases (Singh and Dreher, 1997). For each
of the tRNAs tested, a decrease of minus strand synthesis
was observed after aminoacylation (Fig. 5, lane 2) and
especially when aminoacyl-RNAs were tested in the pres-
ence of eEF1AGTP (Fig. 5, lane 3). Similar decreases in
template activity were observed for tRNAs after amino-
acylation with their cognate amino acids alanine, phenyl-EMV TLS RNA. Minus strand assays and their quantitation from duplicate
alylated form (1.75 pmol) as templates in the presence of varying levels of
Fig. 5. Repression of minus strand synthesis from nonviral RNA templates
charged with various amino acids. The quantitations of minus strand assays
from duplicate experiments are presented as in Fig. 3 using the indicated
unmodified tRNA transcripts (1 or 2 pmol) as templates (lane 1). In
adjacent lanes, RNAs were aminoacylated with their cognate amino acid
(lane 2) and were preincubated with eEF1AGTP (10 pmol; lane 3). Lane 4
represents the proportion of non-aminoacylated RNA present. The asterisk
in C indicates overestimation of the proportion of uncharged RNA due to
the sensitivity of histidyl-tRNAHis to deacylation (see text); consequently,
no background correction was applied to the tRNAHis experiment.
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different chemical nature and size of their side chains.
Note that the percentage of non-histidylated tRNAHis (Fig.
5C, lane 4) was overestimated from acid-urea gel analysis
because of the greater sensitivity to deacylation during gel
analysis of the histidyl compared to other aminoacyl ester
linkages (Hentzen et al., 1972).Discussion
Our genetic and biochemical studies on TYMV have
led us to the minus strand repression model as explaining
an important role of tRNA mimicry (Dreher, 1999;
Filichkin et al., 2000). Point mutations of the valine
identity elements that destroyed valylatability (Tsai and
Dreher, 1991a, 1991b) or switched identity to methionine
(Dreher et al., 1996) indicated a requirement for amino-
acylation rather than a specific interaction with valyl-
tRNA synthetase or some other protein that contacts the
valine identity nucleotides. Given the abundance of
eEF1AGTP in cells and its high affinity for valyl-
TYMV RNA (Dreher and Goodwin, 1998), these results
implicated eEF1AGTP interaction as a critical outcome
of tRNA mimicry. Binding as it does at the 3V-terminus,
one might imagine eEF1AGTP acting as a transcription
factor directing TYMV RdRp to its initiation site at the
3V-end, or alternatively, as a repressor blocking the access
of the RdRp. The former scenario (Hall, 1979) was
inspired by the presence of EF-Tu (the bacterial homolog
of eEF1A) as a subunit of the replicase (RdRp) of Qh
bacteriophage (Blumenthal and Carmichael, 1979). How-
ever, because minus strand synthesis in vitro from TY83
RNA template by TYMV RdRp is independent of tRNA
mimicry (Singh and Dreher, 1998), the idea that eEF1A
serves as a transcription factor or in some other capacity
to promote minus strand synthesis can be rejected. This
conclusion is supported by results showing that amino-
acylation is not required for the infectivity of certain
variant TYMV genomes (Filichkin et al., 2000; Goodwin
et al., 1997) and indeed aminoacylation has not been
absolutely conserved among the tymoviruses (Dreher and
Goodwin, 1998). If eEF1AGTP serves a repressor func-
tion towards minus strand synthesis, we have proposed
that another ligand, presumably a host protein, substitutes
as the repressor for those tymoviral genomes incapable of
aminoacylation (Dreher, 1999).
Our experiments here have shown that eEF1AGTP is
indeed capable of repressing minus strand synthesis
originating from the TYMV TLS. The effect is entirely
dependent on prior aminoacylation of the RNA (Fig. 3),
indicating that eEF1AGTP has no direct effect (positive
or negative) on the activity of TYMV RdRp. There is no
evidence that the TYMV RdRp complex includes eEF1A
as a subunit in analogy with Qh replicase (Joshi et al.,
1986; Pulikowska et al., 1988). We consider repression to
occur by simple steric interference, in direct relation to
the proportion of template molecules bound by
eEF1AGTP. Repression of minus strand synthesis tem-
plated by valyl-TY83 RNA, which binds eEF1AGTP
with a Kd of 2 nM, occurred at lower concentrations of
eEF1AGTP than were needed to repress synthesis tem-
plated by EMV TLS RNA (Kd = 57 nM) (Fig. 4).
eEF1AGTP would appear to be a highly effective choice
as a repressor in vivo because of its high affinity for
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contact directly with the 3V-CCA terminus (Dreher et al.,
1999; Nissen et al., 1995) that serves as the site of minus
strand initiation (Singh and Dreher, 1997).
Minus strand repression was confirmed with a num-
ber of other aminoacylated RNA templates, both viral
and nonviral, that included four amino acid specificities
other than valine (Figs. 3B and 5). In each case, the
residual signal produced by the RdRp in the presence
of eEF1AGTP can be explained by the presence of
some non-aminoacylated template that we have not been
able to avoid. Taking this background signal into
account, eEF1AGTP is seen to be a potent repressor
of minus strand synthesis upon binding to aminoacy-
lated templates.
Interestingly, the addition of an amino acid to the 3V-
CCA terminus of templates was itself found to inhibit
minus strand synthesis by TYMV RdRp (Figs. 3 and 5).
Because eEF1AGTP activity is not detectable in our
RdRp preparations, this effect is unrelated to
eEF1AGTP repression. Perhaps the presence of the
amino acid close to the site of initiation interferes with
proper loading of the template into the initiation pocket
of the RdRp. Amino acids with widely differing side
chains (alanine, valine, methionine, histidine, phenylala-
nine) resulted in roughly similar inhibition (2- to 4-fold).
Role of minus strand suppression by eEF1AGTP:
coordination of the translation and replication function
of viral genomic RNA
A repressed state of minus strand synthesis can clearly
only exist transiently during the viral infection. It might
conceivably occur initially before sufficient viral RdRp
has been produced by translation of the inoculum RNA,
or it might occur late to produce a switch from minus
strand to plus strand synthesis as has been observed for
some viruses (e.g., Ishikawa et al., 1991). The former
scenario is the more attractive because it seems unlikely
that early eEF1AGTP interaction can be avoided and
unlikely that eEF1AGTP levels, access to viral RNA or
affinity for viral RNA would increase sufficiently during
infection so as to substantially increase the binding to
aminoacylated viral RNA. Further, we have seen no
evidence that minus strand synthesis ceases earlier than
plus strand synthesis during TYMV infections in proto-
plasts (B. Bradel and T. Dreher, unpublished data). In
response to the efficiency of valylation and eEF1AGTP
binding, we expect that inoculum RNAs released into the
cytoplasm become rapidly valylated and incorporated into
ternary complexes with eEF1AGTP. eEF1AGTP bind-
ing is then likely to persist until viral gene expression
has proceeded to the point when sufficient TYMV RdRp
complexes exist to compete with eEF1AGTP for access
to the 3V-end or when genomic RNAs have been recruited
to the vesicular sites of viral replication (Prod’homme etal., 2001; Schwartz et al., 2002) that are likely to be free
of competing eEF1AGTP. Together with the expected
absence of valyl-tRNA synthetase from the replication
vesicles, viral RNAs would rapidly become deacylated
and fully active as templates.
Supported by the results reported here, we propose
that before the onset of viral RNA replication, TYMV
RNA exists in a state that is repressed for involvement in
replication because of eEF1AGTP binding. This same
state appears to be necessary for maximal translational
gene expression because we demonstrate in the accom-
panying paper (Matsuda and Dreher, 2004) that the
TYMV TLS serves as a translational enhancer in cells
and that this enhancement requires aminoacylation and
probably eEF1AGTP interaction. The presence and ab-
sence of eEF1AGTP bound to the TLS may act as a
switch between the dual roles of the viral RNA in
translation and replication, ensuring that these processes
are coordinated to act sequentially rather than simulta-
neously on an RNA molecule.
The repression of minus strand synthesis may be a
common strategy for positive-strand RNA viruses to
prevent premature initiation of RNA replication before
adequate gene expression has occurred. In the case of
Alfalfa mosaic virus, the viral coat protein binds to the
3V-terminal region of the genomic RNA and inhibits
minus strand synthesis in vitro by the viral RdRp
(Houwing and Jaspars, 1986; Olsthoorn et al., 1999).
Coat protein must be available for binding to the viral
3V-termini to initiate an infection, and this interaction
seems to be necessary for enhanced translation (Neele-
man et al., 2001). This regulation is analogous to the
situation we have described for TYMV, with 3V-binding
and dissociation by coat protein instead of eEF1AGTP
effecting a simultaneous switch between translation and
replication (Bol, 2003). For other viruses, the default
structure of the viral RNA includes an inherently inac-
cessible base-paired 3V-end, which may serve to delay
the onset of replication until a conformational change,
perhaps triggered by interaction with viral replication
proteins, makes the 3V-end available for replication (Koev
et al., 2002). Minus strand repression could also be a
feature of the replication scheme of double-stranded
RNA viruses, where mRNAs transcribed at the begin-
ning of the infection are used as templates for the
production of double-stranded genomes after their initial
role in translation. Rotavirus NSP3 protein has been
shown to enhance translation by binding the 3V-terminal
nucleotides (Piron et al., 1998), which are also required
for minus strand initiation (Chen et al., 2001a). Subject
to whether NSP3 exists in the subcellular compartment
where RNA synthesis is occurring (Chen et al., 2001a),
it has been suggested that NSP3 could interfere with
minus strand synthesis (Deo et al., 2002) in a repression
like that we have observed with eEF1AGTP and
TYMV RNA.
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Template preparation for negative strand synthesis
T7 transcriptional templates for making TY83, TY-
Met-TLS, Escherichia coli tRNAHis, and EMV-TLS
RNAs were generated by PCR using reverse primers
containing nucleotides modified with 2V-O-methyl groups
at the two 5V-most positions to minimize non-templated 3V-
nucleotide addition by T7 RNA polymerase (Kao et al.,
1999). TY-Met-TLS RNA corresponds to TY-U55/C54/
A53(L1=UU) RNA described by Dreher et al. (1996). E.
coli tRNAAla and yeast tRNAPhe were transcribed from
BstNI-linearized pCA0 and pYF0, respectively (Pleiss and
Uhlenbeck, 2001). RNAs were transcribed with T7 RNA
polymerase and purified through 6% denaturing PAGE as
described (Tretheway et al., 2001). Final RNA concen-
trations were determined by spectrophotometry.
Aminoacylation of RNA transcripts
RNA transcripts were charged under the following
conditions using purified phenylalanyl- and histidyl-tRNA
synthetase from yeast and alanyl-tRNA synthetase from E.
coli, or valyl- or methionyl-tRNA synthetase activities
present in a partially purified wheat germ extract (Dreher
et al., 1992). Valylation was performed in 25 mM Tris–
HCl (pH 8.0), 2 mM MgCl2, 1 mM ATP, 0.1 mM
spermine, and 50 AM valine (30 jC for 30 min); phenyl-
alanylation in 10 mM HEPES (pH 7.5), 15 mM MgCl2, 25
mM KCl, 2 mM ATP, 4 mM DTT, and 10 AM phenylal-
anine (37 jC for 15 min); methionylation in 25 mM Tris–
HCl (pH 8.5), 7.5 mM MgCl2, 0.5 mM ATP, 1mM DTT,
and 40 AM methionine (30 jC for 30 min); alanylation in
30 mM HEPES KOH (pH 7.5), 30 mM KCl, 15 mM
MgCl2, 2 mM ATP, 4 mM DTT, and 25 AM alanine (30
jC for 30 min); and histidylation in 60 mM Tris–HCl (pH
7.5), 10 mM MgCl2, 30 mM KCl, 2.5 mM ATP, 5 mM
DTT, and 15 AM histidine (30 jC for 45 min).
Aminoacylation reactions were terminated with SDS
and EDTA, followed by acidification with excess sodium
acetate (pH 5.2) to reduce deacylation. Following phenol
extraction and ethanol precipitation, RNAs were redis-
solved in 0.1 M sodium acetate (pH 5.2) containing 8 M
urea, and were preparatively separated by electrophoresis
(4 jC for 9 h) on 6.5% polyacrylamide gels (19:1
acrylamide/ bisacrylamide) containing 8 M urea in 0.1 M
sodium acetate (pH 5.2) (Varshney et al., 1991). These
acid urea gels permitted assessment of the extent of
aminoacylation (see Fig. 2). RNAs were visualized by
staining with methylene blue in 0.1 M sodium acetate
(pH 5.2) at 4 jC. Bands of interest were excised, eluted in
30 mM sodium acetate (pH 5.2) containing 0.1% SDS and
1 mM EDTA at 4 jC with constant shaking for 8 h, and
recovered by ethanol precipitation. The aminoacylated
RNAs were redissolved in 5 mM NaOAc (pH 5.2) andstored in aliquots at 80 jC. The integrity and concen-
tration of all RNAs were determined by comparison with a
standard curve prepared by running a series of appropriate
RNAs with known concentrations on 6% denaturing PAGE
and staining with methylene blue.
Valine was intentionally deacylated from [3H]valyl-TY83
RNA by incubation in 50 mM Tris–HCl (pH 9.0), 0.1%
SDS, and 1 mM EDTA at 37 jC for 10 h before recovery by
ethanol precipitation. Deacylation was monitored by count-
ing TCA-precipitable [3H]valine.
Minus strand synthesis assays with TYMV RdRp
Partially purified TYMV RdRp was prepared from
TYMV-infected Chinese cabbage and treated with micro-
coccal nuclease as described (Singh and Dreher, 1997) to
remove endogenous RNAs. Minus strand synthesis assays
(25 Al) contained 21.5 Al of treated RdRp in final conditions
of 40 mM Tris–HCl (pH 8.0), 8 mM KCl, 10 mM MgCl2,
0.4% Lubrol PX (Sigma), 0.5 mM ATP, UTP and GTP, 1
AM [a-32P]CTP (400 Ci/mmol), 10 mM DTT, 1 Ag actino-
mycin D, and 10 U of ribonuclease inhibitor (RNasin,
Promega). In addition, reactions contained template RNAs
(e.g., RNA, RNA + eEF1AGTP, valyl-RNA, deacylated
valyl-RNA, or valyl-RNA + eEF1AGTP) that had been
added in 2.5 Al of EF buffer (see below).
To limit transcription to one round per template, reactions
were initiated by incubation at 14 jC for 3 min in the
absence of ATP. After addition of ATP and polyethylene
sulfonate (PES, Aldrich) (20 Ag in 1 Al), incubation was
continued at 30 jC for 12 min.
Reactions were stopped by two phenol/chloroform
extractions and products were recovered by ethanol
precipitation. Products were analyzed by 12% native
PAGE as described (Singh and Dreher, 1997), including
treatment with ribonuclease in high salt to verify the
synthesis of complementary strand RNA. The radiola-
beled products were visualized by phosphorimagery (Mo-
lecular Dynamics).
Preincubation of templates with eEF1AGTP and
determination of ternary complexes by ribonuclease
protection assay
Purified wheat germ eEF1A (Dreher et al., 1999) was
activated by incubation with 40 AM GTP in EF buffer [40
mM HEPES (pH 7.5), 100 mM NH4Cl, 10 mM MgCl2, 1
mM DTT, and 25% (v/v) glycerol] at 30 jC for 20 min.
Wheat germ eEF1AGTP (typically 10 pmol in 1.25 Al for
each RdRp reaction) was added to the same volume of RNA
template in EF buffer containing 40 AM GTP, and incubated
on ice for 15 min before adding to 22.5 Al of TYMV RdRp
reaction mixture.
To assess ternary complex formation between
eEF1AGTP and aminoacylated RNA under the RdRp
reaction conditions, RNase protection assays (Dreher et
D. Matsuda et al. / Virology 321 (2004) 47–56 55al., 1999) were performed with valyl-TY83 RNA in
complete 25 Al TYMV RdRp reactions, except that
[a-32P]CTP was omitted.Acknowledgments
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